Biological surveys of stream communities have long been used to assess the impacts of human activities on receiving waters (see reviews in Whitton and Kelly 1995 , Lowe and Pan 1996 , Stoermer and Smol 1999 , Stevenson and Smol 2001 . Stream biological integrity reveals itself in the condition, abundance, and diversity of its biota. These data may be used to assess stream condition relative to biological condition of an unimpaired stream. However, water-quality assessments using biological criteria are less common than those based on stream chemistry or toxicology. A recent survey of biological assessment programs in the United States reported that 39 states used biological information in stream assessments, but only 27 states used this information in setting water-quality criteria (Davis et al. 1996 , Kroeger et al. 1999 . Within these programs, macroinvertebrates were most often collected (33 states), followed by fish (21 states), and algae (5 states).
Despite their infrequent use by state monitoring agencies, algae (especially diatoms) are valuable indicators of stream ecosystem conditions because they: 1) are relatively simple to collect, 2) respond rapidly and predictably to changes in stream chemistry and habitat quality, 3) are taxonomically diverse, 4) have short regeneration times, and 5) are ubiquitous, which allows for comparisons across geographic regions (Round 1991 , van Dam et al. 1994 , Leland 1995 . An obstacle to widespread use of diatoms for biological monitoring may be the large number of species and the need for taxonomic ex-7 E-mail address: hill.brian@epa.gov pertise . To counter this problem, a few researchers have used genus-level identification for the assessment of stream condition (Prygiel and Coste 1993 , Chessman et al. 1999 , Wu 1999 . compared 3 species-based indices with 1 genus-based index and reported that the genus-based index compared favorably to the species-based indices. Round (1991) , however, cautioned that it would be ''dangerous to compare streams simply on the genera recorded and using generic identifications in water quality studies is even more dubious.' ' Our objective was to compare genus-versus species-level identification for assessing the conditions of Mid-Appalachian streams using established relationships between diatoms and their environments. We based our comparison on 6 diatom assemblage attributes: taxa richness, taxon dominance, and proportions of acidobiontic, eutraphentic, motile, and pollutiontolerant diatoms. These 6 measures were compared with each other and against 19 stream chemistry, 13 physical habitat, and 15 catchment land-use variables collected from 199 streams.
Diatom assemblage attributes

Taxa richness
Diatom species richness usually decreases as a result of stream contamination by organic enrichment (Nather Khan 1990, Whitton et al. 1991) , metals (Crossey and La Point 1988 , Sudhakar et al. 1991 , Whitton et al. 1991 , and pesticides (Kosinski 1984) , although some researchers have reported increases in richness under [Volume 20 B. H. HILL ET AL. moderate stress (Archibald 1972 , van Dam 1982 , Stevenson 1984 , Lobo et al. 1995 , Jü ttner et al. 1996 . We expected taxa richness in Mid-Appalachian streams to be inversely related to environmental stressors.
Taxon dominance
The relative abundance of any taxon of diatom can influence the evenness of diatom taxonomic representation within an assemblage. Taxa better adapted to unfavorable conditions (e.g., nutrient enrichment or chemical toxicity) will have an advantage, resulting in an uneven distribution of individuals among taxa (Archibald 1972 , Sudhakar et al. 1991 . We expected dominance by a single taxon to increase with increasing environmental stress.
Acidobiontic diatoms
Acidobiontic diatoms are those taxa with tolerances for pH Ͻ5.5 (Lowe 1974 , van Dam et al. 1994 . The % of acidobiontic diatoms in an assemblage has been extensively used in the reconstruction of lake acidification (Charles 1985 , Dixit et al. 1992 ), but less often in analyses of streams . As pH decreases, we expected the diatom community to shift to dominance by those taxa that can tolerate pH Ͻ5.5.
Eutraphentic diatoms
Eutraphentic diatoms are those taxa with preferences for nutrient-enriched, eutrophic waters (Lowe 1974 , van Dam et al. 1994 . Eutraphentic diatoms have been widely used in the identification and assessment of sites impacted by nutrients (Lange-Bertalot 1979 , Hall and Smol 1992 . We expected an increase in the % eutraphentic diatoms with increasing nutrient and organic matter enrichment of Mid-Appalachian streams.
Motile diatoms
Motile diatoms include all species of Navicula, Nitzschia, and Surirella (Bahls 1993 , Kutka and Richards 1996 , Barbour et al. 1999 . Most anthropogenic activities within a catchment generate silt in receiving streams, even if no chemical signatures of such disturbance are present. The % of motile diatoms has been used as an index of siltation in Montana streams (Bahls 1993) , and is cited as a potential attribute by other investigators (Kutka and Richards 1996, Stevenson and . We expected the % of motile diatoms to increase with increasing siltation in streams.
Pollution-tolerant diatoms
Several investigators (Descy 1979 , Lange-Bertalot 1979 , Watanabe et al. 1988 , Bahls 1993 have developed pollution tolerance classifications for diatoms. The various systems have in common that they all differentiate diatom species as pollution-tolerant, less tolerant, or pollution-intolerant. The pollution tolerances of diatoms have been recognized for decades, but the use of this information in water-quality assessments has not been widespread. Investigators assessing diatom pollution tolerances have reported proportional increases of tolerant taxa with increasing organic pollution (Nather Khan 1990, Bahls 1993 , Kwandrans et al. 1998 . We assumed the same in this paper.
Methods
Data used in our analyses were compiled from the United States Environmental Protection Agency's Environmental Monitoring and Assessment Program (EMAP) surveys of MidAppalachian streams conducted from 1993 to 1995 . Diatoms were sampled from 45 streams in 1993, 46 in 1994, and 108 in 1995 . Approximately 10% of the streams were sampled both near the beginning and the end of the sampling period to test for diatom metric stability. In total, data were collected from 199 streams during 233 site visits.
Characterization of each stream site included 19 stream chemistry variables, 13 stream habitat variables, and 15 land-use variables. The methods used in, and the results of, these analyses were previously reported .
Diatoms were collected from erosional habitats at each of 9 transects along the stream reach, combined into a single sample for each stream, and returned to the laboratory for processing . Environmental preferences of the diatom species were taken from published research (Lowe 1974 , van Dam et al. 1994 ). Di-atom species for which environmental preferences are not reported in the above references were excluded from calculations. Environmental preferences of diatom genera were determined as the mean environmental preference rating for species within a genus, and were used to determine which genera were included in the determination of the relative abundance of acidobiontic and eutraphentic diatoms. Similarly, pollution tolerances of diatom species were based on published research (Lange-Bertalot 1979 , Bahls 1993 , with genus-level classifications based on the average score for all diatom species within a genus. Only Nitzschia is classified as a pollution-tolerant genus. Motile diatoms included all species of Navicula, Nitzschia, and Surirella (Bahls 1993 , Barbour et al. 1999 .
Spearman correlation analysis (r s ) was the initial test for relationships among diatom assemblage attributes and the 47 chemical, physical habitat, and catchment land-use variables. For comparisons of genus-and species-level diatom assemblage attributes with environmental conditions, attributes were correlated with selected chemical, physical habitat, and land-use variables for which correlations were expected to be strong. Canonical correlation analyses were used to further evaluate the associations between diatom assemblage attributes and environmental variables. Twenty-four variables that were significantly correlated with at least one of the diatom assemblage attributes were selected for subsequent canonical correlation analyses. Significant canonical correlations (p Ͻ 0.05) were estimated as r k ϭ (n Ϫ 2)/(1 Ϫ r 2 ) (Rohlf and Sokal 1969) . All statistical analyses were performed using SAS statistical software for personal computers (SAS for Windows, release 7.0, SAS Institute, Cary, North Carolina).
Results
Forty-four genera and 522 species of diatoms were collected from the study streams (Table 1) . Fifteen genera were represented by a single species; another 10 genera had Ͻ5 species. Ten genera had Ͼ10 species, with Navicula (119 species), Nitzschia (66), Achnanthes (48), and Eunotia (44) being the most species-rich (Table 1) .
Canonical correlation analyses of genus-and species-level attributes and the environmental variables resulted in 2 significant canonical axes. The 1 st canonical axis (W 1 ) represented a human disturbance/geomorphology gradient having positive correlations with pH, acid neutralizing capacity (ANC), specific conductance, base cations (Ca ϩ2 , Mg ϩ2 , Na ϩ ), agricultural and urban/ suburban land uses, stream sediments Ͻ2 mm diameter, and riparian zone disturbances, and negative correlations with riparian canopy cover ( Table 2) . A nutrient-enrichment/stream-size gradient is described by the 2 nd canonical axis (W 2 ), which was positively correlated with nutrients (total P and total N), Cl -, total suspended solids, fine-grained stream sediments, and agricultural land uses, and negatively correlated with stream width and depth (Table 2) .
Generic richness in any given stream ranged from 3 to 17, with a mean of 11 genera per stream, whereas species richness ranged from 10 to 72 with a mean of 34 species per stream. Genera richness was significantly correlated with species richness (Fig. 1A) . Species richness exhibited stronger correlations with the selected environmental variables than generic richness, especially the catchment-scale land-use variables (last column of Table 3 ). Both generic and species richness were significantly correlated with W 2 , the nutrient-enrichment/stream-size canonical axis (Table 4) .
Dominance by a single taxon ranged from 16% to 98% for genera and from 12% to 88% for species. Dominance by a single genus was significantly correlated with dominance by a single species (Fig. 1B) . The correlation of dominance by a single genus to the selected environmental variables was similar to that exhibited by species dominance with these same variables (Table  3) . Taxon dominance was correlated with W 2 (Table 4) .
The proportions of acidobiontic diatoms in the assemblages were nearly identical for both the genus-and species-level attributes (Fig. 1C) . Acidobiontic diatoms accounted for 0% to 99% of both the genus-and species-level counts, and both genus-and species-level attributes were similarly correlated with the selected environmental variables (Table 3) . Both genus-and species-level attributes were significantly correlated with W 1 , the human disturbance/geomorphology gradient (Table 4) .
The relative abundance of eutraphentic taxa ranged from 0% to 56% of the genus-level counts and from 0% to 90% of the species-level counts, and genus-level counts were significantly correlated with species-level counts (Fig. 1D) . The species-level eutraphentic attribute was more strongly correlated with the selected environmental variables than the genus-level eutraphentic attribute, especially for the land-use variable (Table 3 ). The proportion of eutraphentic diatoms based on genus-level counts was not significantly correlated with either W 1 or W 2 , whereas the proportion based on species-level counts was significantly correlated with W 1 (Table 4). Motile diatoms represented 0% to 92% of the genus-level and 0% to 91% of the species-level counts, and the genus-level counts were significantly correlated with species-level counts (Fig.  1E ). Both genus-and species-level counts of motile diatoms were similarly correlated with the selected environmental variables (Table 3) , and both were equally correlated with W 2 (Table 4) . The relative abundance of pollution-tolerant diatoms based on genus-level counts ranged from 0% to 64%, compared to 0% to 25% of the assemblages based on species-level counts. The proportion of pollution-tolerant organisms identified to the genus level was weakly, though significantly, correlated to the counts based on species-level (Fig. 1F) . Relative abundance of pollution-tolerant diatoms based on both genusand species-level counts were similarly correlated with the selected environmental gradients (Table 3 ), although the species-level attribute was more strongly correlated than the genus-level attribute with W 2 (Table 4) .
Discussion
A simple measure of the reliability of genuslevel attributes as an alternative to species-level attributes is the correlation between attributes based on diatom counts at the 2 taxonomic levels. Perfect correlations (r ϭ 1.00) would suggest that there is no loss of information, for the measures presented, by limiting identifications to the generic level. Genus-and species-based attributes were significantly correlated, suggesting that for some purposes diatom identification only to genus may adequately characterize the diatom assemblage's response to environmental conditions.
For those diatom assemblage attributes in which genus-level counts are highly correlated with species-level counts (acidobiontic and motile attributes), it appears that genus-level counts may suffice. Deviations from perfect correlations have simple explanations, and their impacts on our assessments may be small. For example, the close agreement between genus-and species-level counts of acidobiontic diatoms reflects the fact that most acidobiontic species are in genera that are also classed as acidobiontic (Eunotia, Frustulia, Pinnularia, Tabellaria) . Exceptions to this fact include acidobiontic species in genera not classified as acidobiontic: Achnanthes (1 sp.), Anomoeoneis (2), Aulocoseira (2), Cymbella (2), Fragilaria (1), Navicula (5), Neidium (1), Stenopterobia (1), and Surirella (1). The impact of excluding the above species from the genus-level assessment of acidobiontic diatoms can be determined only by species-level counts, but the near-perfect correlation of the genus-and species-level attributes suggests that this discrepancy is small.
Genus and species comparisons
All correlations of genus-and species-level attributes were significant, but the strengths of these correlations highlight exceptions to this generalization. Comparisons of taxa richness attributes, taxon dominance, and the relative abundances of eutraphentic and pollution-tolerant diatoms suggest significant loss of information attributable to restricting identifications to the higher taxonomic level. For these poorerperforming attributes we must judge how much information loss is acceptable without compromising our interpretation of the relationships between diatom assemblages and stream conditions.
Despite the large numbers of species in some genera, there is little evidence to suggest that these genera bias the outcome of genus-and species-level richness attributes of the diatom assemblages of Appalachian streams. These results suggest that generic richness may be as indicative as species richness of environmental conditions in streams. It might be argued that generic richness is a more conservative measure of the diatom assemblage's response to its environment, given reports of increases in species richness with moderate environmental stress (van Dam 1982 , Stevenson 1984 , Lobo et al. 1995 . The conservative nature of generic rich- ness may be especially true if richness is the result of increasing numbers of species in only a few genera (e.g., Navicula and Nitzschia). However, the correlation of generic richness with any of the environmental variables or canonical axes was low (r Ͻ 0.28), which limits its usefulness in assessing stream condition.
Dominance of the diatom assemblage by a single genus was strongly correlated with dominance by a single species. That the agreement was not stronger underscores the loss of sensitivity of diatom assemblage attributes when identification is restricted to the genus level. Cumulatively, the species within a species-rich genus would account for a greater dominance by that genus than would be attributable to any single species within that genus, resulting in a poorer-than-expected correlation among the 2 dominance attributes. Ecological information lost by stopping at the genus level, however, is not apparent in the relationships of taxon dominance to environmental variables or the nutrient-enrichment/stream-size canonical axis.
Eutraphentic genera were significantly correlated with the abundance of eutraphentic species, although the correlation was far from perfect. The relative lack of agreement among genus-and species-level counts is likely a result of the number of eutraphentic species that are not classified as such when counts are made at the genus level. The following genera are not classified as eutraphentic, but include eutraphentic species: Achnanthes (3 spp.), Caloneis (1), Cyclotella (3), Cymbella (5), Fragilaria (8), Frustulia (2), Gomphonema (10), Mastogloia (1), Navicula (69), Neidium (5), Pleurosira (1), Stauroneis (5), Stephanodiscus (3), and Surirella (6). The relative abundance of species that are excluded from the genus-level counts can be determined only by doing the species-level counts, and these results suggest that genus-level identifications are inappropriate for determining the abundance of eutraphentic taxa in streams. This problem is further indicated by the discrepancies in the correlations of both the genus-and species-level attributes with the environmental variables associated with nutrient enrichment. Our understanding of the relationship between eutraphentic diatoms and their environment is further complicated by the fact that neither the genusnor the species-level eutraphentic metric was correlated with the nutrient-enrichment/ stream-size gradient axis.
Pollution-tolerant diatoms counted as genera were only weakly correlated with the abundance of pollution-tolerant species. Much of the disagreement between taxonomic levels arises from the exclusion of Amphora veneta, Cymbella pusilla, Surirella angusta, 3 species of Gomphonema, and 14 species of Navicula. These species are classified as pollution-tolerant, but are in genera that are not similarly classified. The weakness of the correlation of genus-and species-level counts suggests that a significant proportion of the diatom assemblage is in these excluded genera. The impact of excluding these pollution-tolerant species from the genus-level counts is not clear because both assemblage attributes were similarly correlated with the selected environ- mental variables, although less so with the nutrient-enrichment/stream-size gradient axis.
Our comparison of genus-and species-level identification yielded mixed results. When there are few indicator taxa (e.g., acidobiontic diatoms) or when all species are included in the genus-level counts (e.g., motile diatoms), genuslevel identification appears to adequately describe the assemblage's response to environmental variables for which those taxa are known indicators. Similarly, dominance of the diatom assemblage by a single genus may be a close approximation of the species dominating that assemblage.
However, our data also indicate situations where genus-level indices yield only a poor representation of the species-level indices. The effect of this poorer representation on assessment of the stream environment is unclear. In the case of eutraphentic diatoms, species-level counts were more strongly correlated with the selected environmental variables than were the genuslevel counts. The opposite was true, however, for counts of pollution-tolerant diatoms in which genus-level counts exhibited stronger correlations with the selected environmental variables than did the species-level counts. The case for taxa richness is complicated by conflicting predictions and observations (e.g., greater species richness with moderate environmental stress), and may be of limited value, by itself, in assessing stream condition, a conclusion frequently reached in similar studies (e.g., Stevenson 1984 , Lobo et al. 1995 , Jü ttner et al. 1996 ).
Implications of genus-level identification
Our analyses show that the choice of restricting diatom identifications to the genus level comes at the expense of the depth and flexibility of interpretation of the ecological information contained within the diatom assemblage. A lack of species-level identification precludes building databases on species distributions and their tolerances or preferences for chemical and physical conditions, databases that in the long-run would facilitate wider use and improved precision of diatom indices for stream monitoring.
All of these arguments are moot if the person or agency lacks expertise in diatom identification. The question then becomes not whether species-level identification is better, but whether some information on diatoms in streams is better than none. One argument for identifying diatoms only to the genus-level is time saved when learning the higher-level taxonomy. Students and stream monitoring volunteers usually learn diatom genera easily and quickly (perhaps within 1 wk), whereas becoming proficient in species identification may take months or even years. Identification at the genus level would also require a smaller set of taxonomic references. Quality assurance would be easier to monitor and errors easier to correct. Therefore, the real advantage to genus-based attributes may be realized when starting new stream monitoring programs with inexperienced researchers and/ or volunteers.
Several researchers have proposed compromises between genus-and species-level identification of diatoms. Round (1991) proposed working only with the dominant taxa, which would reduce the list of species to ϳ10% of the total richness. proposed a hybrid of genus-and species-level identification. Taxa that were particularly sensitive to environmental stressors and were easily identified would be identified to the species level, whereas all other diatoms would be identified only to the genus level. Their resulting trophic diatom index relies on the relative abundance of 3 species, Gomphonema parvulum, Navicula gregaria, and N. lanceolata, combined with genus-level counts of small Navicula and Sellaphora, and Nitzschia for classifying streams by degree of organic pollution. Wu (1999) advocated an even more restricted index of diatoms for pollution monitoring: the generic index (GI), which compares the abundance of Achnanthes, Cocconeis, and Cymbella to that of Cyclotella, Melosira, and Nitzschia. Wu's GI is significantly correlated with our genus-level counts of pollution-tolerant (r ϭ 0.87), motile (r ϭ 0.75), eutraphentic (r ϭ 0.64), and dominant diatoms (r ϭ 0.57). Resh and McElravy (1993) examined 34 published studies addressing the question of the appropriate taxonomic level for identification of macroinvertebrates for monitoring aquatic systems. Half of the studies favored species-level identification, whereas 26% favored genus-level identification. Proponents of higher-level identification cited 2 scenarios when genus-level identification would be appropriate, including 1) the detection of instances of gross pollution and 2) situations in which taxa included in the higher taxonomic level are consistent in their responses to environmental conditions. We believe the same to be true for assessments based on diatom assemblages.
Geographic-scale issues
Geographic scale is perhaps the biggest unknown in predicting biotic responses to environmental conditions. How is the selection of genus-or species-level identification affected by the geographic scale of the study? Our data come from a regional-scale study designed to answer 2 questions: 1) What is the condition of streams in the Mid-Appalachian region? and 2) Are conditions getting better or worse? Although sampling intensity was sufficient to answer these questions on a regional-or ecoregion-(sensu Omernik 1987) scale, it was not intense enough within an ecoregion to address catchment-wide variance in diatom assemblages. There are 2 views regarding the appropriateness of genus-level identifications with increasing geographic scale. First, genus-level attributes might be developed, calibrated, and used successfully at smaller geographic scales, but become increasingly problematic at broader geographic scales (Whittier et al. 1988 . If this view is true, nearby streams that are environmentally similar should contain species within genera that have similar environmental preferences, and genus-based assessments should approximate those based on species-level identifications. Second, as geographicscale increases so does environmental heterogeneity, and the reliability of genus-based assessments should decline. Hierarchy theory tells us that spatial hierarchies are nested and that higher levels of organization are composed of lower levels (O'Neill et al. 1986 ). Therefore, assessments at broader geographic scales should be predictable from smaller geographicscale assessments. If this argument and the previous view are true, then regional-scale, genusbased assessments should be as reliable as sitescale, genus-based assessments. Unfortunately, data are lacking to support or reject either view.
Conclusions
Our results support 4 general conclusions. First, richness attributes are not consistently or predictably related to gradients of human disturbances within a catchment, and should be used cautiously for environmental monitoring. Second, diatom assemblage attributes based on genus or species sensitivities and tolerances to environmental conditions, even based on European diatom autecologies, are consistently and reliably related to gradients of human disturbances within a catchment. Third, genus-level diatom assemblage attributes for some environ- mental gradients are predictable and appear to be relatively precise compared to species-level attributes. Fourth, the environmental gradients with which genus-level diatom assemblage attributes are most strongly correlated are those gradients that involve morphological (motility) or physiological (pH tolerance) adaptations that are related to evolved genus-level characteristics.
